Due to their very thin tunnel barrier layer, magnetic tunnel junctions show dielectric breakdown at voltages of the order of 1 V. At the moment of breakdown, a highly conductive short is formed in the barrier and is visible as a hot spot. The breakdown effect is investigated by means of voltage ramp experiments on a series of nominally identical Co/Al 2 O 3 /Co tunnel junctions. The results are described in terms of a voltage dependent breakdown probability, and are further analyzed within the framework of a general model for the breakdown probability in dielectric materials, within which it is assumed that at any time the breakdown probability is independent of the ͑possibly time-dependent͒ voltage that has been previously applied. The experimental data can be described by several specific forms of the voltage breakdown probability function. A comparison with the models commonly used for describing thin film SiO 2 breakdown is given, as well as suggestions for future experiments.
I. INTRODUCTION
Recently, ferromagnetic tunnel junctions have emerged as a new class of magnetoresistance devices. 1 These tunnel junctions consist of two ferromagnetic electrodes separated by a thin oxidic barrier. When the relative orientation of the magnetizations of these two electrodes changes in an applied magnetic field, a large magnetoresistance ͑MR͒ effect is found, which is the result of spin dependent tunneling. Magnetic tunnel junctions are potentially applicable in magnetoresistive read heads, magnetic field sensors and magnetoresistive random access memories ͑MRAMs͒. Optimizing the properties of the insulating barrier is essential for successful operation of the junctions. In order to have a sufficiently high tunnel probability, the barrier thickness (d) must be below 2.5 nm, but pinhole free. Unfortunately, these very thin insulating layers suffer from dielectric breakdown. We find that when voltages above 1 V are applied, corresponding to electric fields of the order of EϷ1ϫ10 9 V/m, breakdown typically occurs within a few minutes or less. Recently, we have investigated breakdown voltages for a series of Co/Al 2 O 3 /Co tunnel junctions as a function of the voltage ramp speed. 2 The results of these measurements are given in Fig. 1 for a series of junctions with varying electrode widths. For our tunnel junctions, we concluded in Ref. 2 that with increasing applied voltage the probability of breakdown per unit of time increases, and thus the lifetime at a fixed voltage decreases. We have been able to locate the position of the breakdown with a technique for visualizing hot spots on the junction surface that is described in Ref. 3 and it has led to the conclusion that breakdown occurs at only one specific location in the junction barrier. It is known that sensor elements based on anisotropic MR ͑AMR͒ and giant MR ͑GMR͒ effects, e.g., in read heads, can be damaged by electrostatic discharge, but the typical voltages leading to damage are much higher, viz., tens of volts. [4] [5] [6] This implies that for magnetic tunnel junctions, voltages applied during fabrication and operation must be controlled even more strictly. In this article we investigate the breakdown of magnetic tunnel junctions in more detail, and we will concentrate on the analysis of the experimental data as given in Fig. 1 in terms of various forms of a general statistical model describing the voltage dependence of the breakdown probability. The parameters that are derived within these various models lead to predicted voltage dependencies of the lifetime of our tunnel junctions that differ largely. Nevertheless, the analysis gives a first indication of the applicability of these junctions at lower voltages in future devices.
We will first describe the fabrication of our samples ͑Sec. II͒, followed by characterization of the barrier properties and an overview of the results of the breakdown measurements ͑Sec. III͒. In section IV we present a general statistical model for breakdown and apply two specific forms of this model to our junctions in an analysis of the experimental data obtained. In Sec. V we summarize a number of models often used for breakdown in SiO 2 -based capacitors and compare them with our results. In section VI possible future experiments are discussed and a summary is given. 
II. FABRICATION
The magnetic tunnel junctions used for our experiments are fabricated in a cross-bar geometry by using an in situ shadow mask system. The junctions consist of Co electrodes, evaporated in an ultrahigh vacuum ͑UHV͒ Balzers UMS630 multichamber molecular beam epitaxy ͑MBE͒ system, at a base pressure in the 10 Ϫ8 Pa (10 Ϫ10 Torr͒ range. The tunnel junction fabrication procedure consists of the following steps. First a bottom electrode of Co ͑20 nm͒ is evaporated through the shadow mask onto a liquid N 2 cooled insulating Si͑100͒ substrate. Thereafter the substrate is transported to a separate UHV chamber ( P base ϭ1ϫ10 Ϫ7 Pa͒, and without a shadow mask a thin Al layer is sputtered from a 2 in. Al target, purity 99.999%, in an Ar pressure of 0.6 Pa. The areal density of the Al atoms in the junctions was determined by chemical analysis after the measurements. First the structure was dissolved in HCl, from which the Al content was determined with inductively coupled plasma optical emission spectrometry ͑ICP-OES͒. A total of ͑4.79Ϯ0.48)ϫ10 Ϫ6 kg/m 2 of Al was found, which is equivalent to an Al thickness of 1.77Ϯ0.18 nm. Immediately after deposition the chamber is pumped down and then filled with O 2 (99.999% purity͒ to a pressure of 9.2 Pa. A dc glow discharge is ignited from a ring-shaped cathode at a voltage of Ϫ1.6 kV with respect to both the substrate and the UHV chamber. In 100 s the Al layer is oxidized. If all the Al were oxidized and formed into Al 2 O 3 , then the Al 2 O 3 thickness calculated from the ICP-OES experiment would be 2.27Ϯ0.23 nm. To conclude the fabrication process, a 80 nm Co top electrode is evaporated in the MBE system, again through a shadow mask. The 32 junctions used for the breakdown study described below were all grown in the same run, and consisted of four series of eight samples each with 50 m wide top electrodes and bottom electrode widths equal to 50, 100, 150 and 200 m.
The ratio of aluminum to oxygen in the Al 2 O 3 barrier was determined afterwards by scanning Auger measurements, in which a depth profile was obtained at the area of a junction by sputter etching of the sample. The peak position of the Al signal provided no indication of the presence of metallic Al, which is expected when all the Al is oxidized. During sputter etching of the barrier, the highest accuracy in determining the Al to O ratio is obtained when the middle of the barrier is reached. At this location an O/Al ratio of 1.6 Ϯ0.2 was found, indicating that the barrier is stoichiometric within the experimental uncertainty. In addition, the presence of O was found in the upper few layers of the Co bottom electrode, which can be explained by slight overoxidation of the barrier.
III. EXPERIMENTAL RESULTS
The junctions fabricated with the above described process have typical resistances of the order of 100 k⍀. The resistance of the tunnel junctions with the same area is observed to be equal within 10%. The junction resistance was observed to vary less strongly with the junction area than expected: the resistance of a 200ϫ50 m 2 junction is only 2 times lower than a 50ϫ50 m 2 junction. A possible explanation is a higher conductivity at the two edges of the junction with the bottom electrode. With an atomic force microscope we investigated the width of the edges of the electrode stripes and found that the edge zones of our evaporated electrodes typically have a width of 10 m. Within the edge zones the thickness of the electrodes increases gradually from zero to the nominal value of the electrode thickness. When we assume that at the two 10 m broad edge zones of the junction area with the bottom electrodes, where the oxide is grown on a sloping underlayer, the tunnel conductance per unit area is larger than that for the remaining surface, a ratio of a factor of 6 can explain the observed scaling of the resistance. The difference in resistivity can be the result of a difference in surface roughness of the bottom electrode at the edge. This suggests that the contribution to the total tunnel current from the two edge zones is quite significant.
In Fig. 2 Fig. 2 shows the current through a junction during a 1 h voltage stress experiment with the bottom electrode positively biased. A small increase in the current with time is found. By rapid measurement of the I -V characteristic directly after a stress experiment, barrier parameters that are slightly different from their initial values were found. For the particular example shown, a short circuit of at least 5 min was required before the fit parameters returned to ͑within the error of the fit procedure͒ their original values. This reversible change of conductance during a stress experiment might be explained by the diffusion of ions in the barrier, for instance, of impurity atoms or of excess Al 3ϩ ions. As a result of this process, the shape of the barrier changes slightly, leading to an increase of the conductance. The same phenomenon was seen at negative polarity of the stress voltage. No observation of current creep has been reported for magnetic tunnel junctions before, but it has been observed for Al/Al 2 O 3 /Al junctions 8 and Al/Al 2 O 3 /Pb junctions. 9 We have no direct evidence that this creep process is related to the probability of breakdown. Further discussion of this effect, however, is beyond the scope of this article.
The coercivities of the two Co electrodes of the junctions investigated were both approximately 50 Oe, which resulted in a magnetoresistance of a few percent. This is rather low compared with the MR ratio of 18% of identically fabricated Co/Al 2 O 3 /Co 50 Fe 50 junctions, within which the two magnetic layers have strongly different coercivities. 2 However, since the structure and thickness of the Al 2 O 3 layers in the Co/Al 2 O 3 /Co junctions employed in the present study are identical to those in the Co/Al 2 O 3 /Co 50 Fe 50 junctions mentioned, we regard our experimental data obtained on the breakdown effect as representative for junctions in which tunneling is strongly spin dependent.
Studying breakdown of dielectric thin films and tunnel junctions can be accomplished with the use of various measurement methods. Recently a detailed review was given by Martin et al. 10 In the most straightforward way, the time to breakdown can be measured in an experiment in which a constant bias voltage ͑or current͒ is applied to the junction. This method has the disadvantage of the a priori unknown time to breakdown, which can exceed several days when measuring at low stress voltages, making these measurements less convenient. Therefore, breakdown is most often studied by a voltage ramp experiment, in which the applied voltage increases monotonically ͑often linearly͒ with time, and the breakdown voltage is measured. In view of the nonlinear I -V characteristic, this method needs a feedback system in order to control the rate of voltage increase. In the actual experiment, the voltage is therefore ramped in the form of a succession of small voltage steps. A comparable experiment can be carried out with ramped applied current instead of a ramped bias voltage. In our experiments we used measurement methods with a constant bias voltage, a ramped voltage ͑with feedback͒ and a ramped current.
We observed that all junctions show breakdown within several minutes or less when a V bias of 1 V or higher is applied. After breakdown, the I -V characteristic is found to be almost ohmic. The resistance of junctions after breakdown is typically of the order of 10-100 ⍀, although negative resistances were also measured. The latter observation is an artifact of the cross-bar geometry, in which negative resistances can arise. In the case of a square junction a negative resistance is measured when the junction resistance is less than one fourth of the lead sheet resistance.
11 Stress measurements at a constant voltage of 1 V showed a time to breakdown of the order of minutes. Junctions grown in the same run and having the same junction area showed a comparable lifetime when biased at the same V bias . Biasing the junction at a slightly lower voltage ͑e.g., 800 mV͒ led to an increase in the lifetime to several days or longer. The decrease of the resistance after breakdown can be understood as the formation of a microscopic ohmic short in the barrier at the moment of breakdown. In some cases it was found that the junction resistance returned to its previous value after a breakdown event. This suggests that the formation of a short is not always irreversible, and that after a while a second degradation process step leads to a sharp decrease of the local conduction ͑for instance, by burning away the spot with high conduction, thus repairing the junction͒. In the literature the latter process is often referred to as a ''self healing breakdown.'' 12 We note that this effect was only seen in current ramped experiments, in which directly after breakdown the voltage across the junction drops.
The effect of breakdown on the junction magnetoresistance ratio was investigated with junctions with a Co 50 Fe 50 top electrode. These junctions were fabricated using the same procedure as that described in Sec. II, but with a thinner barrier. The barrier thickness was 1.3 nm, as determined with Simmons' theory. In most junctions, breakdown led to the loss of the magnetoresistance effect, which can be understood when after breakdown transport is mainly due to the ohmic conduction of the short instead of spin dependent tunneling. In one case, breakdown in a voltage ramp experiment led to a decrease of the junction resistance at low bias from 1.8 k⍀ to 275 ⍀, and a decrease of the MR ratio from 8.2% to 1.2%, as is seen in Fig. 3 . From the observation of a bias dependence we conclude that the small remaining MR effect is still a tunnel MR effect. By assuming that upon breakdown a short is formed with a low resistance in parallel with the still undamaged remainder of the tunnel junction (R ϭ1.8 k⍀), we derive a short resistance of 325 ⍀. For an otherwise perfect sample with such a short, having no MR, one expects that the MR ratio after breakdown is 1.2%, precisely equal to the measured value. If the short could be treated as a ballistic point contact ͑diameter d much smaller than the electron mean free path l), one would estimate that its diameter is of the order of 1 nm using the expression R ϭ4l/3d
2 with ϭ10 ⍀ cm and lϭ5.0 nm. This would then, once again, suggest that the process of breakdown is indeed a very microscopic event. However, we stress that we actually do not know the nature of the shorts formed. Since the I -V characteristic of the junction was monitored during breakdown we are able to estimate the power dissipation shortly after the moment of breakdown. At the moment of breakdown ͑at 1.24 V and 1.29 mA͒, lowering of the junction's resistance led to a ratio of the junction resistance and circuit resistance that was not anticipated by the voltage feedback circuit, resulting in a voltage applied over the junction of 0.88 V during the next step. The current was 3.07 mA, and the power dissipation at the breakdown event can thus be estimated to be 2.7 mW. If we assume that this power is completely dissipated at the location of the short within a volume with a diameter equal to the electron mean free path of Co, we calculate a local increase of temperature of 430°C ͓using the thermal conductivity of Co ͑100 W/mK͒ at room temperature, which decreases only a little at temperatures of a few hundred°C͔. Although this temperature increase is not sufficient for melting of the materials involved, further structural damage to the barrier can be expected. Annealing experiments of magnetic tunnel junctions have shown that above 210°C the junction ͑magneto͒resis-tance drops severely, indicating that irreversible processes take place in or close to the junction barrier at this temperature. 13 Several Co/Al 2 O 3 /Co junctions were inspected with a scanning electron microscope after breakdown, but no visible sign of damage was found, as is expected when breakdown is a very microscopic event. The location of the short was, however, visualized with the use of a thin liquid crystal film deposited on the junction. 2, 3 With this method we observed that breakdown almost always occurred at a single location in the junction barrier, confirming the above mentioned assumption of the formation of only one short at the moment of breakdown. By examining the location of the breakdown in a series of junctions we found that in almost one half of all junctions the breakdown event occurred at the edge of the junction surface, while the remaining events that took place were randomly distributed over the junction surface. The preference of breakdown at the edges is a second indication of the aforementioned assumption of a higher tunnel probability at the edges.
For voltage ramped experiments with a small ramp speed, we noted that the occurrence of breakdown led to a smaller resistance decrease upon breakdown than in experiments with a large ramp speed. In experiments with a large dV/dt, the detection of a sudden increase of the current to a value above a certain limit is sufficient to identify the moment of breakdown. In experiments with a small dV/dt the junction current has to be monitored more precisely to enable one to identify breakdown as a sudden increase in the ratio of the measured current during two succeeding steps of the ramp. For metal-oxide-semiconductor ͑MOS͒ capacitors containing ultrathin (dϽ5 nm) SiO 2 layers, a so-called ''soft'' breakdown phenomenon has been reported. [14] [15] [16] In this case the increase of conductance after breakdown is much smaller than for breakdown in thicker layers. In our study the moment of breakdown is defined as the first sudden ͑but in some cases small͒ increase in the current, the same as was proposed by Depas et al. 15 In Fig. 1 we have already shown the results of a large number of measurements of the time to breakdown upon ramping the applied voltage from Vϭ0 with a constant dV/dt, as obtained for four series of Co/Al 2 O 3 /Co junctions with different bottom electrode widths that were fabricated in the same run ͑see Sec. II͒. From Fig. 1 it is seen that V bd depends on the ramp speed. In some cases we found tunnel junctions with very low resistances and no MR, or junctions with a lower resistance which showed breakdown on a much shorter time scale than neighboring tunnel junctions. These atypical junctions, as well as the junctions that broke down during handling, have not been used for the study discussed below.
IV. ANALYSIS
Although breakdown of plasma oxidized Al 2 O 3 -based capacitors has been reported earlier, 17 a microscopic model describing the process leading to breakdown has not yet been developed. In contrast, various mechanisms of breakdown across SiO 2 in MOS capacitors have been proposed, and all are able to describe the measured data in some area of the parameter space. However, in spite of the fact that this subject has already been investigated for more than three decades, no consensus among various groups concerning the physical mechanism has been reached. This indicates that the various possible physical mechanisms behind breakdown are difficult to distinguish. Here in Sec. IV, we will give a general mathematical method to describe dielectric breakdown, and will apply two different models for the breakdown probability density to our measured data. In Sec. V we will discuss our results in terms of the existing models developed for SiO 2 breakdown.
Breakdown can be described as a statistical process, and a full study requires the investigation of sufficiently large ensembles of nominally identical systems. We consider breakdown experiments that are carried out by applying at time tϭ0 a time-independent or a time-dependent voltage ͑or current͒ stress to all systems within the ensemble at constant external conditions ͑such as the temperature͒. The result can be represented in terms of the fraction F(t) of the ensemble that has shown breakdown at a certain time t. The breakdown rate f (t 0 )ϭ (dF/dt) ͉ tϭt 0 is the fractional number of junctions that show breakdown with a unit time interval around a time t 0 . We define the breakdown probability density p(t) as:
i.e., p(t 0 )dt is the probability that a junction that has not yet shown breakdown at tϭt 0 shows breakdown in the time interval (t 0 ; t 0 ϩdt). In the case of a time independent breakdown probability density, p(t)ϭp, one obtains 1ϪF ϭexp(Ϫpt). Investigators have identified these mechanisms as extrinsic and intrinsic failures, respectively. Extrinsic failures are defect related and can, in principle, be minimized by improving factors like substrate quality and the class of cleanroom dust. Intrinsic failures are inherently related to the physical properties of the oxide and the oxide/electrode interface and to the statistical variation of their structure and local composition. In breakdown experiments of large ensembles intrinsic failures are found to dominate after certain times, when most extrinsic failures have already taken place. With decreasing capacitor area the relative importance of intrinsic breakdown increases. 19 Our experiments were not carried out for large ensembles. Instead, a number of nominally identical samples was subjected to a range of voltage stress conditions ͑ramp rates͒. Nevertheless, we have ͑as already mentioned in Sec. III͒ observed that a small fraction of our junctions showed breakdown within a strikingly short time after the beginning of the voltage ramp experiments. We regard these events as truly extrinsic, and have excluded them from the data displayed in Fig. 1 . Future experiments based on much larger sets of nominally identical junctions should be carried out in order to improve the statistical basis for a discrimination between ''intrinsic'' and ''extrinsic'' in our junctions.
For SiO 2 -based capacitors the processes that have been proposed as the microscopic mechanism leading to breakdown can be divided into two categories: processes which lead to a gradual change of the atomic or electronic structure of the oxide ͑''wearing of the oxide''͒, followed finally by breakdown, and processes which occur as a single sudden event. In the first case the breakdown probability density p(t 0 ) at time tϭt 0 depends on the voltage-time history, V(t) for 0ϽtϽt 0 , of the junction. In the latter case the structure of the oxide and the oxide/electrode interface is essentially identical to the structure at the beginning of the stress experiment, and the breakdown probability density at time tϭt 0 is independent of the voltage-time history of the junction: it only depends on the voltage V(t 0 ). In the remainder of Sec. IV we will develop equations for breakdown with a probability density which is not explicitly time dependent ͑no wearing͒, but only implicitly, viz., as a result of the time dependent voltage in a voltage ramp experiment: p(t)ϭp͓V(t)͔. Let us assume that p(t) increases monotonically with time, reflecting a monotonic increase of the breakdown probability density with increasing voltage. We then expect that there is a certain voltage, V max , at which the breakdown rate is maximal as function of time, i.e., ͓d f (t)/dt͔ ϭ0. V max , which depends on the ramp speed dV/dt, can be calculated by solving
which follows directly from Eq. ͑1͒ leading to
Solving Eq. ͑4͒ leads to an expression of V max as function of the ramp speed dV/dt. In the literature on SiO 2 breakdown two expressions for the electric field (EϭV/d) dependent breakdown probability density are frequently used, viz., the so-called E model:
͑5͒
and the so-called 1/E model:
͑6͒
Both models have been reported to give a good description of measured breakdown data within a limited field interval. Within the 1/E model ͓Eq. ͑6͔͒ the factor C is sometimes considered to be field dependent. We will neglect this possible complication here, and return to this issue in Sec. V, when we discuss the physics behind these two models. For the E model F(t) can be expressed analytically as
with BЈϭB/d and
͑8͒
From Eq. ͑4͒ the voltage V max at which f (t) peaks is given by
͑9͒
For the 1/E model F(t) and V max cannot be expressed in a closed analytical form. In Fig. 4 we have plotted our data and the results of fits with the two models for the 50 m bottom electrode data. We have chosen to discuss the series with 50 m electrodes, which contains the most data points over the largest range of voltage ramp speed. However, fits of the models to the series with other bottom electrode widths were also possible. The fits of these models resulted in the following values of the parameters defined in Eqs. ͑5͒ and ͑6͒: A ϭ6.3Ϯ0.5ϫ10 Ϫ17 s Ϫ1 and B/dϭ0.035Ϯ0.002 V, or C ϭ5.6Ϯ0.7ϫ10
9 s Ϫ1 and D/dϭ31Ϯ2 V. We note that the errors given are the errors of the fit to the data points. Both models, however, are based on statistics and therefore larger scatter of the data points may be expected. This point will be discussed further on. In Fig. 5 both F(t) and f (t) for a voltage ramp experiment are plotted as a function of voltage for the case of the E model with A and BЈ as given above and dV/dtϭ1ϫ10 Ϫ6 . The function f (t) has an asymmetric peak shape. Note that in this example F(t), the fraction of broken down junctions, is more than 0.5 at the moment at which V max is reached. In order to obtain an estimation of the ͑sta-tistical͒ scattering in experimental V bd data when investigating a large ensemble, the width of the peak of the breakdown rate f (t) can be used. The width of this peak is centered at VϭV max , and can be characterized by the distance between the two inflection points, which are the solutions of the following equation:
͑10͒
The area between the two inflection points of f (t) is found to be independent of parameters A, B and dV/dt, and is equal to 61% of the total area. For the 1/E model the parameter values that lead to good fits of our experimental data ͑see below͒ lead to peak shapes that are quite similar to those for the E model. We have derived the area between the inflection points numerically: for the parameters that describe our experimental data it is approximately 65%. We conclude that for both models the intervals between the inflection points of f (t) give a good estimation of the expected variation ͑scat-tering͒ of the experimentally measured V bd values. In Fig. 4 the dashed lines represent the calculated voltage at the inflection points of the fitted f (t) of the 50 m wide bottom electrode junctions with both models. These experimental data points fall in the area between these lines, indicating that scattering of the data is still well described by both the E model ͓Eq. ͑5͔͒ and the 1/E model ͑Eq. 6͒. The prefactors A and C in Eqs. ͑5͒ and ͑6͒ are proportional to the junction area if the breakdown probability is independent of the location on the junction. As a result, V max is expected to vary with a change of junction area S with a factor n as
͑11͒
From Fig. 4 we note that the V bd values do not significantly decrease with increasing junction area, although it is expected that a factor of 4 in area would be significant enough to be visible in the data. However, due to the observed large breakdown probability at the bottom edge region, the influence of a change of area might not be distinguishable. We have insufficient information on the exact area dependent breakdown probability to derive a scaling relation such as that discussed in Sec. III for the resistance. Although both models can describe the experimental data very well, a large difference between the extrapolated lifetimes at lower V bias between both models is found. In Fig.  6 the calculated lifetime curves for both models are shown, including an estimation for the statistical variation. At V bias ϭ0.5 V we find extrapolated lifetimes of 217 years or 10 9 years for the E model and the 1/E model, respectively. Both values suggest that the applicability of these junctions at low bias is not hindered by short lifetimes. We stress that these FIG. 4 . Fits of V bd according to the breakdown probabilities of the E and 1/E models. The dotted and dashed lines indicate the estimated errors for both models with the fit parameters that were found. The measured data points all fall within the estimated error area.
FIG. 5. Example of the voltage dependence of the functions F(t)
, the fraction of broken down junctions, and f (t), the rate of breakdown, in a voltage ramp experiment and in the case of a voltage dependent breakdown probability density p(V). V max is the voltage at which the rate of breakdown is maximal. Also indicated is the area between the inflection points (᭹) of f (t), which gives an estimation of the variation of experimentally measured V bd values.
values are still only an indication due to the uncertainty of the applicability of these models for breakdown of our junction. In order to distinguish more clearly between the two models, either fast ͑ramp rate у5 V/s͒ or long duration ͑more than 1 year͒ measurements or experiments on a much larger number of samples must be carried out.
V. MICROSCOPIC MODELS OF BREAKDOWN
The physical background of the models leading to Eqs. ͑5͒ and ͑6͒ will now be explained, as will other models proposed for breakdown across SiO 2 . The corresponding threshold voltages above which the breakdown effect occurs are discussed ͑if appropriate͒, and the possible relevance to breakdown across Al 2 O 3 is given. When comparing the observed breakdown in our Al 2 O 3 junctions with models of breakdown commonly used for SiO 2 films it is important to evaluate the validity of the SiO 2 models in the thickness range of our films. In ultrathin films ͑i.e., less than 3 nm͒ the applied voltage V a will be limited to a few volts due to breakdown. When eV a is smaller than the barrier height () direct electron tunneling occurs, as described by Simmons' theory. 7 Breakdown upon direct tunneling across ultrathin SiO 2 films has not yet been explored in much detail, since SiO 2 layer thicknesses in MOS capacitors have only recently become thinner than 3 nm. The voltages applied in breakdown studies for 15-40 nm SiO 2 thin films will be much larger than /e, and lead to Fowler-Nordheim tunneling. 22 The difference between both types of tunneling is schematically shown in Fig. 7 . In the Fowler-Nordheim tunneling regime, electrons enter the conduction band of the dielectric and can subsequently lose part of their energy due to inelastic scattering processes.
Due to the higher energy of the tunneling electrons at higher applied voltages, the processes leading to breakdown can differ from those at lower voltages. Certain processes have threshold voltages below which they will not occur. The highest threshold is for electron energies of the order of the insulating band gap ͑i.e., for SiO 2 9 eV or larger͒, when breakdown can be triggered by electrons ionizing atoms in the barrier resulting in the occurrence of an electron cascade in the barrier. 23 This phenomenon was first described by Von Hippel in 1936. 24 For amorphous Al 2 O 3 the energy gap is not well known, but most likely it is in the range of 7-9 eV. Electrons with such high excitation energies do not occur in our ultra thin films. Therefore this process can be excluded with certainty.
The three models that follow in Secs. V A, V B, and V C are different with respect to the physical model involved, the threshold voltage and the oxide thickness range for which they are relevant. An important issue that distinguishes different physical models is whether the breakdown probability is dependent ͑due to wear out͒ or independent of the stress (V,t) history.
A. Q bd model
When tunneled electrons have sufficient energy to damage the oxide locally, so-called wearing of the oxide may result. For the case of tunneling across SiO 2 strong experimental support in favor of the wearing mechanism has been obtained by Wolters and van der Schoot, 18 who observed that for 8-40 nm SiO 2 -based capacitors under certain conditions the breakdown probability density depends on the total amount of tunneled electrons, the ͑electron͒ charge to breakdown, Q bd , which is the electron current density integrated until breakdown. The quantity Q bd ͑averaged over a large ensemble͒ was found to be independent of the type of experiment employed ͑e.g., constant voltage or current, or ramped voltage or current͒. The authors 18 presented evidence that damage to the SiO 2 lattice due to energy dissipation of the tunneled electrons starts at the positive electrode, and gradually forms a low resistance path through the oxide, finally leading to breakdown. The energy available for creating damage to the oxide is argued to be independent of the applied voltage or current density because the tunneled electrons always lose most of their energy (Ͼ3 eV͒ when they enter the anode. It is crucial to note that breakdown of these relatively thick layers occurs upon tunneling in the FowlerNordheim regime, in which the electrons tunnel through a triangular barrier, and subsequently into the conduction band of the oxide ͓Fig. 7͑b͔͒. The assumption that leads to the Q bd model is that the inelastic mean free path of these electrons is relatively short and the barrier height at the anode is relatively large. In Fig. 8 we have plotted the measured total passed charge at breakdown for our Co/Al 2 O 3 /Co junctions with 50 m bottom electrodes, the breakdown voltages of which are given in Fig. 4 . It is seen that for our junctions a constant Q bd is not found, but that Q bd decreases with higher voltages ͑and current densities͒. It has been found for SiO 2 -based systems that the constant Q bd model is valid within a good approximation for low current densities J at the moment of breakdown, but that above a critical current density, J cr , Q bd decreases rapidly with increasing J. 18 This was explained from the ͑independent͒ observation that for JϾJ cr the oxide contains a significant fraction of occupied traps ͑relatively localized electron states which at Vϭ0 are empty because their energy is higher than E F , but whose occupation increases with increasing J). The trapped electronic charge modifies the originally relatively flat equipotential planes, leading to confinement of the injected electron current to regions with a low space charge density, thereby enhancing the local current density and decreasing Q bd . We have no indication that the failure of the constant-Q bd model for our junction breakdown could be related to the occurrence of a current density exceeding a certain critical value, J cr , above which the density of occupied trap states is very high. In such a case the conductivity would be observed to change an order of magnitude with time in a constant applied voltage experiment, 18 a phenomenon that we did not observe.
B. Anode hole injection model
The results of breakdown experiments for structures containing thinner ͑typically 3-15 nm͒ SiO 2 layers have not been found to be in agreement within the constant-Q bd model. Instead, it has been possible to interpret the experimental data obtained within the so-called anode hole injection model ͓Eq. ͑6͔͒, developed by Schuegraf and Hu, 25 which leads to the 1/E model. In the anode hole injection model it is assumed that the energy of the electrons arriving at the anode ͑which again is assumed to be equal to or only slightly larger than the barrier height͒ is used to excite deepvalence band electrons to a state above the Fermi level, thereby creating a hole in the anode which can tunnel into the oxide. This may generate an electron trap in the oxide, leading to an enhanced local current density. The experimental possibility of carrier separation in SiO 2 devices enabled the determination of the hole current during a stress experiment. This led to the observation that, for a given oxide thickness, the hole charge to breakdown, Q bd,h , is a constant in an experiment at constant applied voltage, supporting the anode hole injection model, whereas the electron charge to breakdown, Q bd,e , decreases with applied voltage. The hole fluence is smaller than the current density, but it increases with the applied voltage: not every electron arriving at the anode will create a hole that forms a trap, but the probability of hole tunneling increases with the applied voltage. 19 When hole tunneling from the anode is in the Fowler-Nordheim regime, the hole tunnel current is proportional to E 2 exp (ϪD/E), with D a parameter independent of the electric field, E. Since the density of holes in the anode is proportional with the electron current J(E), one expects that the breakdown probability density is given by
where C is a constant, if the creation of only one trap state is sufficient for triggering breakdown. In that case wearing of the oxide plays no role, and p does not depend explicitly on t. Evidence for this has been obtained by Degraeve et al. 26 for the case of ultrathin (dϽ2 nm oxides͒. On the other hand, for thicker oxides the same authors concluded that a critical trap density has to be created first before the damage formed leads to breakdown. Numerical ͑Monte Carlo͒ studies then yield the time-dependent breakdown probability at constant field or voltage. 26, 27 In many analyses of breakdown experiments the restrictions mentioned concerning the validity of Eq. ͑12͒ have been disregarded. In addition, in practical applications of the model the field dependence of the prefactor of the exponential function in Eq. ͑12͒ is often neglected. In that case Eq. ͑12͒ reduces to Eq. ͑6͒, which is commonly referred to as the 1/E model. Although this seems a rather crude approximation, it must be remembered that the formula is only applied to data obtained in a restricted field range, in which variations due to the exponential factor dominate variations in p(E). This was confirmed by a fit of our experimental data to the functional form of p(E) given by Eq. ͑12͒, from which we obtained D/dϭ29.2Ϯ2.4 V. However, if we insert a current density J(E) as determined with a fit to our experimentally current density of the form Jϭ f 1 exp(f 2 V), we still obtained a good fit, but with D/dϭ11.8Ϯ0.5 V or with D/dϭ22.5Ϯ15 V if this current density was directly inserted into Eq. ͑6͒ ͑thus without the E 2 term͒. In spite of the good fits obtained using both approaches, we cannot find strong physical arguments in favor of the 1/E model if applied to our junctions. First, hole tunneling is not expected to be in the Fowler-Nordheim regime, since h ϭE g Ϫ e Ͼ e ϾV a ͑assuming a band gap E g for Al 2 O 3 of ϳ7 -9 eV and using a barrier height for electrons of e Ϸ1 eV͒. This invalidates the derivation of the exponential factor that is used in Eq. ͑12͒. Second, this estimate shows that the energy of the holes created ͑which is at most equal to the energy eV of the tunneled electrons͒ is much less than h , so that direct hole tunneling through the barrier becomes extremely unlikely. In fact, for the same reason DiMaria et al. have argued that for SiO 2 -based systems hole tunneling does not occur for applied voltages over the barrier below a certain threshold value, V th Ϸ 5 V. 28 The anode hole injection model for SiO 2 has been extended in order to describe the effect of breakdown at relatively low voltages due to release of hydrogen (H ϩ ) into the oxide as the result of electrons that arrive with an excess energy at the anode. 23 In SiO 2 -based devices hydrogen is present due to a hydrogen passivation step. The fabrication of our Al 2 O 3 barriers does not include such a step. We do not have any indication that this mechanism is applicable to our junctions.
C. E model
The E model relates breakdown to the field induced distortion of atomic bonds in the oxidic barrier. It is often alternatively referred to as the thermochemical model. Based on thermodynamic free energy considerations, a quantitative thermodynamic model for breakdown for SiO 2 -based capacitors was developed by McPherson and Mogul 20 and by Kimura. 29 In the case of both amorphous or crystalline SiO 2 , a Si atom is surrounded by a tetrahedron formed by four oxygen atoms. However, during the growth of amorphous SiO 2 or in the presence of an applied external field, the Si-O bond angles can be distorted. If the distortion leads to bond angles above or below a critical value, the oxygen atom will be displaced and a Si-Si bond is formed. This defect is believed to be the precursor for breakdown, which will occur when either one Si-Si bond is broken or when a certain critical fraction of broken bonds is reached. Although the authors do not make clear whether the breakdown rate determining mechanism is the breaking of a Si-O-Si bond ͑with a very high bond energy͒ or the breaking of the much weaker Si-Si bond, McPherson and Mogul have derived an expression for the breakdown probability based upon the breaking of a Si-Si bond. 20 The authors start by stating that the local field acting on atoms in the oxide will be equal to the externally applied field, enhanced by a contribution due to the polarization of the dielectric: E loc ϭ(1ϩL)E, in which L is the Lorentz factor (Lϭ1/3 for cubic point symmetry͒, and is the electric susceptibility. The Si-Si pair is part of a structural fragment in the network of the form O 3 ϵSi-SiϵO 3 . The two SiϵO 3 dipoles which form this fragment have antiparallel dipole moments, Ϯp. In the presence of an electric field parallel to the Si-Si bond, i.e., parallel and antiparallel to the two dipole moments, the contribution from the two dipoles to the total energy is decreased and increased, respectively, by an energy p•E loc . This energy helps to lower the activation barrier for collapse of the antiparallel dipole, resulting in a broken Si-Si bond, and also resulting in the creation of a localized electronic defect which gives rise to dielectric breakdown. 20 The average time to breakdown due to this process is given by:
with a a constant, and ␥ the so called field acceleration factor. Assuming that the breakdown probability is not explicitly time dependent ͑no wearout͒ one obtains Eq. ͑5͒ with Aϭexp(Ϫ⌬H/k B T)/a and Bϭ1/␥. A good fit of the SiO 2 (d ϭ10.0 nm͒ breakdown data obtained by Kimura 20 was found with this model, and at room temperature the experimentally obtained value of ␥ is 3.25ϫ10 Ϫ8 m/V. Also, the temperature dependence of ␥ could be explained well, 20 which provides strong support in favor of this model. From a fit to our experimental data, we found ͑Sec. IV͒ B/dϭ0.035 V. When we assume a barrier thickness of 2.2 nm we find ␥ϭ1/B ϭ6.3ϫ10 Ϫ8 m/V. This value is approximately a factor of 2 higher than the value obtained for SiO 2 from the Kimura data. We would like to note that when making such a comparison at least three points concerning the difference between amorphous Al 2 O 3 and SiO 2 should be considered.
͑i͒ The electric susceptibility of Al 2 O 3 (Х7.0) is more than two times higher than for SiO 2 (Х2.9), leading to a higher polarization and local field, and to, therefore ͑all other factors remaining the same͒, a higher value of ␥.
͑ii͒ Bonds in Al 2 O 3 are more ionic ͑less covalent͒ than in SiO 2 . One implication is that the effective ionic charge of Al is potentially larger than that of Si, which leads to higher dipole moments in the Al 2 O 3 structure and a higher value of ␥.
͑iii͒ The structure of amorphous Al 2 O 3 is more complex compared with that of SiO 2 : the short range order has been described as being similar to that in ␥-Fe 2 O 3 , i.e., a spinel structure in which the oxygen atoms form a close packed lattice and in which the cations fill tetrahedral sites as well as 66% of the available octahedral sites. In this structure various local environments of the Al ions occur. 30 For amorphous Al 2 O 3 it has been found that the fraction of Al ions with a tetrahedral coordination is even larger than that in crystalline ␥-Al 2 O 3 . Migration of the Al could probably occur via the octahedral vacancies.
An important additional consideration in favor of the applicability of this model is the fact that there is no threshold value, so it can already be applied at the low voltages at which we observed breakdown. We therefore believe that this model could be applicable to our Al 2 O 3 layers.
VI. CONCLUDING REMARKS AND SUMMARY
We have compared our experimental data with models proposed for SiO 2 breakdown. Good fits are possible in both the E model and the 1/E model for the breakdown probability density. However, only the mechanism that leads to the E model, field induced atomic displacements of atoms in the oxide, seems to provide a plausible physical basis for the breakdown effect observed. The present study is clearly limited in several respects, and extensions in many directions are required in order to clarify the breakdown mechanism and to be able to relate the breakdown properties with the oxide and interface structure, thickness, and composition. One of the unsolved issues is wearout. Although we have not obtained evidence of the occurrence of wearout before breakdown that would lead to an explicit time dependence of the breakdown probability, it is of interest to study this issue in dedicated experiments, e.g., in experiments of large ensembles under constant voltage stress. For this purpose frequency resolved electronic ͑current or voltage͒ noise measurements are also expected to be valuable, since small structural changes in the oxide might lead to a different noise spectrum, especially for the 1/f ␥ contribution to the noise spectral density. For thin SiO 2 layers, ''soft'' breakdown has been reported when low fields are applied, suggesting that small structural changes do take place during low voltage stress. It is expected that these small changes will have a much larger effect on the total junction ͑magneto͒resistance when the area is reduced compared with the area of our junctions by microstructuring, which will be the case in practical applications. In order to distinguish between the E and 1/E models, measurements should be extended to a larger voltage range than that used in the study, and the statistical uncertainty of each data point should be decreased by the use of larger ensembles. Also, studying the temperature dependence of the breakdown probability will provide tests of the applicability of either model. Finally, using lithographically defined junctions, the areal dependence of breakdown should be studied in order to be able to discriminate between extrinsic and intrinsic breakdown and in order to study edge effects.
In summary, we have investigated the dielectric breakdown of successfully fabricated magnetic tunnel junctions with a plasma oxidized Al 2 O 3 barrier. In junctions with barriers of 2.0 nm and thinner, almost immediate breakdown is observed when voltages above 1 V are applied. At the moment of breakdown a single short is created in the barrier, leading to a low resistive path in the barrier. The exact nature and mechanism for creation of this short is still uncertain. The time-dependent breakdown probability is voltage dependent, and increases with the applied voltage. This dependence is analyzed in the framework of a general model for breakdown with a probability that is not explicitly time dependent. With this model it is shown that ramp rate dependence of the breakdown voltage as observed in voltage ramp experiments can be described using different expressions ͑the E and 1/E models͒, which have been proposed earlier for SiO 2 breakdown, and which have been obtained on the basis of different physical models. Suggestions have been given for experiments from which the possible physical mechanisms can be distinguished more easily. Extrapolation of the lifetime curves of our junctions to realistic low operation voltages (V bias Ͻ0.5 V͒, as obtained from fits to the experimental data, suggest that, if accidental peak voltages outside this region can be avoided, breakdown will not be a limiting factor upon applying these junctions in sensor or MRAM devices.
